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Several alternative scenarios for mu W’s and 
tneir associated "eutri"0s are explored with emphasis 
on the discoverv of these particles at ep and pp 
colliders. 

b,ew massive gauge particles, beyond the Y, Y and 
z of the Clashow-Weinberg-Salam (GWS) .model, are 
required in extended models Of the electroueak 
interactions. Often they are accompanied by new, 
possibly heavy. "e"tra1 leptons. A particularly 
attractive class of models is those v1t.h asymptotic 
left-right symmetry. e.g. W(2) 
which three new gauge partic es 4 

I SU(2)R I U(li. in 
appear -- NR 

Z' -- as we11 as new neucra1 1eprons N , N , N 
and 

YhlCh 
couple primarily to the Wi a3 opposedeto the 6WS W'.' 
While there are no iron-cl!d limits, the simple? k "d 
more elegant L/R symmetrio models have dpppximately 
equal couplings g and g for W l e Y and W + e N , 

PeSpeotiYely. Ik thisa case bonsi&ation !f the B 
contribution to m(T) - m(KSl leads to the boun 3 
m(,v ) 2 1.6 TeV.' More elaborate calculation= or 
mad&s can tolerate m(w,) as law as 0.a TeV.' 

There are a variety of possibilities for the N's 
accompanying d MY Wa. These Include:* 

a) 

b) 

C) 

The N is the right-handed Dirac partner of Y , Or 
it iZ another light neurrlno vhlch does ncf mix 
w1tn Ye. 

rhe Ne mixes with "* Yia a simple mass matri* Of 

the Iarm 

with rn(N ) >> m(e) assumed. The" 
m(lr ) - m'(e)&" ) > 5 re", since m(Q ( 50 ev. 
Cori%spo"di"gly. &we is a" Ne e WL Coupling, b"t 
it is kieaker than rhe ve e WL coupling by the 
mixing matrix element U - m(ve)/m(eI < lo-'. The 
Ne is a Majorana particle. 

The N mixes with Y in another manner which do85 
not %¶nstrain " tz SUCh small values. (The only 
model-independent bound is U < 0.2.) I" S"Ch 
models ve ~a" 
pWt‘Cle. 

be massless and N, can be a Dir-ad 

L/R symetrlo model$ tend to be Of cl%35 b). I” 
this note we will not consider w massi”e N. 
m(N) > m(W ), m(Wg). Both production rates and decay 
modes YOU d k be considerably altered from those give" 
here in that case. 

Obviously the p05.sibilities a)-~) lead t0 large 
uncertainties in the phen~men~logy of Wg and N 
pmd"ctlo" and decay. I" case a) N may be stable* and 
can only be produced in processes involving the WS. 1" 
cases b) and c) N will decay. If wa exchange (as 
opposed to mixing) dominates N decay, the lifetime 
(assuming m(N) < m(t)) is 

TN 
- 2.5 x lo-l”(~~ (&)” sec. (1) 

Th”s. for m(W ) = 1.6 Te" and itr of ordel‘., Te". the N 
travels 15 m i efcre decay (thus escaping from any 
deteCtOr) if m(N) - 5 02". iiouever, it only tPa"el* 
25 om before decay If m(N) - 10 Ce". NOW that the 
amplitudes for decay via mixing (i.e.. via the N e ri 
COupll”g) and "ia WR exchange, Amix (decay? ."h 
AWm (decay). are in the ratio 

n 

Hence, 1" case b) II exchange may 
dcminant decay mechanisti. give" the 
haYe quoted. HOWeYeP , in cage c), 
10~' - lo-', mixing may dominate. The"* 

very we11 be the 
bounds that we 
where " could be 

TN (3) 

a possibly shorter lifetime than in the WR-dominated 
case. 

(2) 

The decay modes for a Majorana N depend "PO" 
whether the mixing or WR mechanism dominates. FOP 
heavy enough 
have roughly:' 

Ne (but m(N,) < n(t). m(Nv), m(Nt)) we 

BPanching 
Ratio 

N 

4 

e- + 2 jets .50 

e+ + 2 jets .50 

op 

e- + 2 jets 

e+ l 2 jets 

(-) 

NMs 

1 

.24 

.24 

ue + 2 jets .19 

(-) + ue + e + k-; e - e.ll.-, .11 

(-) 
"K 

+ e+ + : and ';', + e* +~;F .16 

C-1 - 
ve YeYe; e - e.il,r .06 

It follows from Cp invaCiance that the Majoram N will 
decay as often to a" e as to a" e . This Pact, 
reflected in the above table. gives the decays of this 
particle a very dlst‘nctive signature. Note al%, that 
the dominant decay channels ape fully reconstructable. 

We now turn to experimental possibilities fw 
discOVering such a WR and/or N. We consider both es 
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and pp collisions. In ep c0llisio"* the WR is nor. 
directly praduced but, rather, appears as a virtually 
exchanged pwticle in the charged cwre"t reaction 
ep _t N x. The N may or may not decay (detectably) in 
the de&eCtOP. I?i pp collisions the W can be prOd"ced 
approximately on shell or probed virjua&fy, off+ it.7 
pole. Both ~~"tr,b"tlo"s yield a" e N* COP e 
final state where again the Ne may or may not decay.= 

In estimating ~~05s secti0ns we vi11 ds9ume 
In discussing detectability Ye uIll assume a 

aperating year with an intergrated luminosity 
of 10'a/cmz. Ye consider two beam energies, 30 CeV and 
140 Ce", for the eiestro" beam,' and employ 20 Te" for 
the proton beam(s) (i.e. Js = 40 TzY for the pp 
collider). We assume that the 30 GeY e beam can be 
80% polarized. but that the 140 Ge" beam 15 not 
polarizable. Absolute discovery limits for WR may be 
inferred from Figs. ,a and 1D i" the ep and pp cases.” 

W, e-p CROSS SECTIONS 

E"""""""""""""l 

FIG. la. CPOSS sections for charged current reaqtions 
due t.0 WR exchange as a function 0f m(WR) f0l‘ e -beam 
energies 0f I&o CeV and 30 CeV. No Q' cut is Imposed. 

L OR R W+ BOSON 

lo- 

FIG. ‘5. The intggratea CP0S.s section POP 

;: Fe& "FOP e+ 
+ X + e “N” l X@(N) light oompared to 

and N rapi$lties In the interval 
-3<y<3a"dforpToftbee >50Ce". 

0" the basis 0f -20 events per year a 30 Ge" ep 

machine =.%n reach m(w ) = 2.8 TeY. a 140 GeY =c 
machine m(W,i = 4.2 TeB. and a pp maChine 
m(WR) - a Tev. Whether t&.?.e diswvery limits, based 
a" t-au event rates, are realistic depends upon 
additional details as discussed below. 

Consider first the N scenario a) or any other fol‘ 
which N does not decay in the apparatus. I" ep 
collislo"s the only signal for the p?ese"ce of Wa is 
the" a" e"ha"Ceme"t of the chavged current CROSS 
section over that expected on the basis of wL exchange 
alone. The latter ~~095 section is. or caurse, m,,ch 
larger. Howe"er‘, the Wa and WL exchange amplitudes 
are in the ratio 

AWe 2 + ,02c1. 1 
p- 
wL 

i2 L’ I 
+ rn2W3) 

(U) 

so a Q' wt. Q' > Q'. = rn'(WKl' 
(Hi?8 Q2 

will make the ki 
signal detectable. 19 meaSL!Ped "ia th$ 
current jet. Note that d Q' cut al%, helps t0 
elhinate ac~ldental background.5 from Y-and Z-exchange 
neutral Current events.) Give" systematic: 
uncertainties due to theOPetica1 and experimental 
swroes (especially quark distribution functions) we 
estimate that d -25% effect 1s necessary to achieve a 
reliable UR signal. Fig. 2 (plotted r-or 
m(WR) = 1.6 TeY) indicates that Q'. = m'(W 1 achieves 
this Pequirement at Ebeam = 140 &6"!4ith a Bati 

a+l, K evts. wL+WR) 
65 

-i- = il evts. (W, only) = 75 . (5) 

W,(OLD) VS. WR(NEW) 
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FIG. 2. Cross sectlons for charged cwrent wzwtio"s 
due to new WR 
exonange for 

eXChange .20mpa?-ed ~0~ old WL (83 GeVl 
rn(W ) = 1.6 Te" as a 

Q' /mz(W ) at e-E 
runction of 

earn energies of 140 CeV and 30 Ge". 
Aff% dues > Piin are integrated over. 

Since Such Statistics are already very marginal, 
higher m(W 1 values are not achievable. 
Shows tnae for E 

Figure 2 
= 30 Ge" Such a restriotive 9' 

CUt iS "Ot poSSiblebe~" order to have a measurable 
raw event Pate for the YR signal Q&" = 0.1 m'(WR) is 
appropriate. HOYBYBP, 
me w 

the UL background now exceeds 

B 
signal by "early a factor 0f 100. The anly 

hope n this case is to employ e1ectrcJn beam 
polarization. With 801 right-handed polarization. and 
at the same Q& and m(WR) values, 
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i.e., one achieves d 30 effect. Thus m(WR) - 1.6 TeV 
is at the lirnlt, af detectability with either electron 
beam. * similar analysis for m(WR) = 1 TeV indicates 
that SUCh a w is detectable without difficulty. I" 
pp collision% the discovery Of WR (decaying to an 
unobservable N plus charged 1epton) r+es 0" the same 
technique as employed a'; the CERN Spps in discovering 
the w (83 ce"). Backgrounds al-e expected to be *m.311 
and sbstematlcs Of quark distPib"tio" functions. etc., 
all* not significant. Figure 3 ill"St.Pate3 the single 
1epton specrrum dddydp 

T 
as a ru?ctio" Of pT at y = 0 

I-or an 8 Tell and a 0 T‘2" WR in ccmparlgorJ to 
b?crgrpu"ds R-0" Old physics (well-Yan Y + e e and 
WL * e v,). 

IO-= 

10-e 

IO- 

F 10-e 
2 
x 10-s 
% 
? $ lo-‘0 

Is-” 

lo-‘2 

SINGLE POSITRON SPECTRUM 

ET,“-“(UL z@scdl + 7-d 

0 SW0 

PIG+ 3. The single Pepton spectrum for pp l w+ x 
* e x r-or m(w) = 8 and IO Te" compare* to bat 

b or R 
grounds 

*pm Drell-Ya: pp f IX l e x an* PP + 
w (83 Gev) x * e x. The rapidity Of the e+ is SeP0 

akid the balancing u is constrained to be "missing" in 
the rapidity intervS1 -3 C y(v,)<3. 

we have 1mp0sed .m appm~t~s cut (Iyi(3) on the 
oppos‘ng lepton so that the D-Y background can be 
eliminated. The w Jacobian peak i3 clearly 
obser"able but theR integrated event i-at3 under the 
peak but abo"e the background 13 only tWO e"e"t3 pe= 
year in the 10 xv case. Thus rn(WR) = 10 Te" is 
marginal at a pp collider in the same se"33 that 
m(W ) = 1.6 TeV is marginal at the ep machines. 
Ho,&BP, since these leu events will be clean, the 
nominal 8 TeV discovery limit quoted, earlier,.lOr 
,,hi.zh there aie 1~1 events under the p33k, can perhaps 
be extended to "ear- 10 TeV. 

In c2.ses where the N decays (either by mixing or 
w mediation) in the detector. d much more distinctive 
s gnature will be apparent in the ep experiments. k 
journal charged current events will no longer be 3 
background. For a Kajor$a N ihere will be frequent 
pmxesses+ of the type e p * 3 X, where the wo"g Sign 
lepto" e will be accompanied by hadron& jets: 
Furthermore. the Q' computed from the e and e 
momenta will disagree significantly uitn the true Q' 
carried by the exchanged WR, The tP"e P' may be 
calculated "s‘ng the momentum Of the "current" jet 
from the hadi-on vert3x. which on average will be in a 
different ki"ematical+regio" from the hadronic jets 
associated "ith the e .' Adding the latter jets to the 

e+ (i.e;l i-econstructing the N momentum) should 
produce consistency between the two different 9' 
calculations. Majorma or not, N decays will always 
lead to e p + e X events exhibiting the Same Q' 
peculiarities. In the Majorfna ~333, these events 
occur at the same ~-ate as the e e"e"tS. B.XkgrO"tldS 
to these sig"3twes can come Prom two so"Pce3: 

Radiative correctio"s to normal neutral Curr3"t 
events.+ II"* requires -more powers of a for 
e p + e X than fol‘ 3 p + e X 30 that these r'.3teS 
should differ considerably. The magnitude Of such 
back‘your,dS has not bee" computed but we Will 
assums it to be small. 

Mixing pPO*"Ctlo". Here we imagine a moderate 
value for ", In wnich case e p + N X can occur 
via N - Y mixing and WL exchange. ?f discovery 
or a= new= w 

B 
is the goal. this process 15 a 

background. he relative amplitude3 are 

and 

Amix(e + N) = 
” 

Q2+m2w,) 

l\wR te *I) = Q2+;2(w ) . R 

(7) 

A 9' cut will help to reduce the backgPou"d from Amix. 
Probably (1' > 0.1 m'(W,l will eliminate it for any 
reasonable "due Of ". For the 30 GeV e beam and 
m(WR) - 2 TeV, such a c"t leaves -10 events I" a 
standard year. Ii " is negligible the c"t is not 
required 3"d the e"e"t rates computed from Fig. la 3r.e 
appropriate C-80 evts at m(W,) = 2 Te" and = 30 ac 
m(w ) = 2.5 Tev at E = 30). For the 140 Ge" e 
bea,! energy we cabn=?b"iously reach higher m(WR) 
values, up to mW,) - 4 TeV if no Pa cut i3 required. 

In pp calllsions the decay of the N 13 not 
obviously beneficidl or harmful to the signature for 
w production. 
b!ckgro""ds 

It i3 still difficult to imagine 
that could produce a single highly 

energetic electron in one hemisphere of a detector and 
a balancing reco"st,wot3ble e OP 3 + 2 jet SIg"31 i" 
the oth3r' hemisphere. The Jacobian peak will still be 
DPesent and clean. In particular the Jacobian peak 
~~'an,o~y~~el~a"e only a very small background 

see howLsmall e"e" the normal e-v 
the Jacobian peak region. Thzs the 8 TeY nominal 
limit may a&" be too co"3ervative and a Pew clean 
events CO"ld reveal production up to 
m(,,,$ i ,O.TeV. Note that at = 4 Tell. the upper 
limit for ep machines under 

#events Cep at 140 Cev l 20 rev) 1 
#events (pp at Js = 40 TeV) '25' (81 

Once a new W is discovered, can one determine 
whether it is a WR or S; “BU ‘WI’ (There 1~ “o 
w,mpelli"g ,x350" to suppose 'that a 'j;. 'uwld be 
associated with a new N, OP. if it is, that this N 
would be heavy. Thus. Wi phe"Ome"Ology fill most 
likely correspond to the non-decaying N discussion 
given earlier.) For W'3 accessible in 30 CeV x 20 TeV 
ep c0111310*5. the option of polarizing the e beam 
makes it easy to distinguish a WI from a YR. Using the 
wrong polarization simply removes the signal. I" the 
absence Of beam polarization. w,&, differentiation is 
impossible in ep collisio"s unless the N decays in the 
deteCtor. If it does decay, this differentiation is 
still next-to-impossible if the "ew W dominates both 
the production and decdy of the N. Changing this V 
Prom a W tO a Wi reverses the hellcity OP both the N 
and its &"ghter e (or e ). Hence, the correlatio" 
between these two hr'icitles, which i"Plue"c33 the 



a”g”laP distribution OP the daughter e- in the N rest 
Pyame. does not change. Indeed, one can show that the 
e angular distributions are identical in the tYO 
csses . observing additional N decay fragments would 
not help. except for exotic final states. However. 
suppose one imposes a Q' c"t so that !+&, exchange, 
and not old W exchange with N-v mixing, dominates N 
production, b”k ” is large e”ough*so that t.he latter 
mechanism dominates the decay. Thp” the angular 
distribution Of the daughter e (or e ) Will reveal 
the handedness 0P the w R{L' . 

The presence of 
mixing-induced decays can be es amished thPQ"gh me 
observation Of decay modes SUCh as Y + 2 hadron jets 
whim do not result from WR-mediated decays (see 
table). 

In pp collisions the handedness of the produced 
w , cm be determined using w + 7 decay modes. This 
p%edure is discussed in a separate c0nWib~ti0" tO 
these Proceedings. It requires high statlstlcs and 
rest,riCts the range OP m(WR,L,) POP WhiCh the 
technique can be employed. 

finally, if rnCtiR) is very large we may still be 
able to see the N. either in ep or pp collisions. if 
there is N - Y DdXi"g. The Majorana N decay 
signatures a-e %ufficiently distinctive that perhaps 
U'S as small as 10-z (relative production rates 
compared to u Of order lo-*) could be detectable in a 
high ste.t1stics experiment. 

The branching ratios Pw N decay were calculated 
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to thank him for this collaboration and for many 
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discussio*s with M. Shaevitz. H. Haber, and 
T. O'Hallora". and are grateful to C. Puigg and 
H. Thacker Par the very helpful hospitality of 
fermilab. where this !,or‘k uaS completed. J.F.C. 
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